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Abstract 17 
Near-surface leakage detection is often a crucial part of verifying the success of CO2 18 
sequestration projects, and it cannot be achieved without a detailed description of the natural 19 
state of an operational site prior to injection. Without baseline studies, it is difficult to define 20 
CO2 anomalies outside natural variation in the subsurface that may be related to leakage. CO2 21 
concentrations and δ13C-CO2 values (of DIC, dissolved gas, and soil gas) were investigated to 22 
establish a baseline modelling of natural chemical processes leading to CO2 occurrence and 23 
δ
13C-CO2 fractionation in the soil-groundwater interface on an example at the Glenhaven site 24 
in Queensland, Australia. This was analysed within the context of the hydrogeology and 25 
hydrogeochemistry of a shallow aquifer system (<20m depth). The Glenhaven site and its 26 
five monitoring station are located in an area which is a candidate for a future small scale 27 
carbon storage pilot project. We combine major ion, stable isotope data of groundwater and 28 
soil gas as well as physical hydrogeology data with extensive isotope models to explain the 29 
pathways and origins of groundwater and CO2. The results indicate shallow aquitard 30 
claystone units at the site restrict vertical groundwater leakage and inter-aquifer mixing. 31 
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Groundwater chemistry is controlled by transpiration of plants, cation exchange, weathering 32 
and meteoric recharge to produce Na-Cl and Na-HCO3-Cl type waters. δ18O and δ2H values 33 
suggest a shallow meteoric recharge source largely unaffected by evaporation. CO2 34 
concentrations in soil and dissolved in groundwater range between 631 and 47 516 ppm and 35 
δ
13C values average -17 and -21 ‰. The mixing of three potential CO2 sources is discussed: 36 
1) the aerobic decay of C3 plant matter, 2) the aerobic decay of C4 plant matter and, 3) 37 
shallow coal related CO2. Despite this, the variability of CO2 concentrations and equivocal 38 
sources is not likely to hinder leakage detection in the future of site monitoring.  39 
Key Words: Carbon Storage, Surat CCS Project, δ13C Geochemistry, Hydrogeology, Stable 40 
Isotopes  41 
 42 
1.0 Introduction  43 
1.1 Background 44 
With atmospheric CO2 concentrations reaching levels above 400 ppm, the contribution of 45 
anthropogenic CO2 is evermore a concern (NOAA, 2016). The constant release of research 46 
outcomes explaining the gravity of climate change has sparked intrigue and controversy in 47 
the public and academia (IPCC, 2014; Pearson and Dawson, 2003; Watson et al., 1998). 48 
Models predict global equilibrium will continue to shift for hundreds of years if 49 
anthropogenic CO2 production ceased instantly, meaning the effect of past emissions are not 50 
yet witnessed (Beaubien et al., 2008; Solomon, 2007). Consequently, large-scale solutions or 51 
mitigation strategies must be implemented urgently to ensure emissions are controlled and 52 
minimized (Beaubien et al., 2008). 53 
No perfect solution to reduce the production of CO2 currently exists without inducing an 54 
energy crisis (IPCC, 2014; Metz et al., 2005; Solomon, 2007). However, strategies to reduce 55 
short-term emissions play a fundamental role in allowing for continuous economic growth, 56 
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which in many cases is still linked to the use of fossil fuels, while alternative energy sources 57 
are developed. One mitigation strategy is Carbon Capture and Storage (CCS) which involves 58 
the capture of CO2 from point emission sources and the long-term separation of CO2 from 59 
interaction with the atmosphere (storage).  Carbon Storage typically refers to the geological 60 
storage of CO2 (geosequestration), which targets deep saline aquifers, coal seams, and 61 
depleted oil and gas reservoirs as injection targets (Beaubien et al., 2008; Garcia et al., 2012; 62 
Heath et al., 2009; Holloway, 2001). Supercritical CO2 is injected into porous subsurface 63 
strata in suitable geological formations where trapping mechanisms prevent CO2 from 64 
interacting with the atmosphere (Bachu et al., 1994; Beaubien et al., 2008; Gunter et al., 65 
2004; Metz et al., 2005).   66 
Successful large scale sequestration projects include the onshore Weyburn Project in Canada 67 
(Beaubien et al., 2013), the Sleipner (Baklid et al., 1996) and Snøhvit (Eiken et al., 2011; 68 
Maldal and Tappel, 2004) projects in offshore Norway as well as the Demo-CO2-Project in 69 
the Pyrenean foreland, France (Gal et al., 2014; Rhino et al., 2016). Current storage projects 70 
in Australia either under development, in operation or completed are 1) Chevron’s Gorgon 71 
project in the Carnarvon Basin (Flett et al., 2009; Flett et al., 2008), the CO2CRC Otway 72 
(basin) Project (Jenkins et al., 2012), the CarbonNet project in the Gippsland Basin (Feitz et 73 
al., 2014) Victoria, the South West Hub Project in the Southern Perth Basin (Stalker et al., 74 
2013) of Western Australia, and the Carbon Transport and Storage Corporation Pty. Ltd. 75 
(CTSCo) Glenhaven project in the Surat Basin of QLD.  76 
A main concern with any sequestration project is the occurrence of leakage (Heath et al., 77 
2009; Hepple and Benson, 2005). Leakage not only fails the primary purpose, namely 78 
trapping CO2 underground, but a series of negative impacts can also occur from unforeseen 79 
gas migration from the storage reservoir to overlying geological units like acidification and 80 
mobilisation of trace metals (Fe, Mn, Zn, As) which impact water quality (Auffray et al. 81 
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2016a; Auffrey et al., 2016b; Rillard et al., 2014; Trautz et al., 2012; Wilson et al., 2003) 82 
(Fig. 1A). To manage the risks of uncontained CO2 migration and possible environmental 83 
impacts it is paramount that carbon sequestration sites are monitored to detect potential 84 
leakages. Measurement, monitoring and verification (MMV) of CCS is regulated by the 85 
Queensland government through the Greenhouse Gas Storage Act 2009 and, depending on 86 
the project, can be performed at depth and/or in shallow monitoring stations. Deep 87 
monitoring relies on groundwater and seismic techniques (Arts et al., 2004) while shallow 88 
assurance monitoring mainly involves shallow groundwater bores (de Caritat et al., 2013; 89 
Hortle et al., 2011) and soil gas monitoring (Beaubien et al., 2013; Rhino et al., 2016; 90 
Romanak et al., 2014) as well as investigation of anomalies in atmospheric CO2 91 
concentrations by eddy covariance methods (Lewicki et al. 2009; Etheridge et al., 2011). 92 
Prior to monitoring, baseline information is required to give context to the monitoring data to 93 
properly identify CO2 anomalies and their potential source (Cohen et al., 2013; Rhino et al., 94 
2016). Studies monitoring the vadose zone typically involve the measurement of soil gas 95 
composition (O2, CO2, N2) and changes in such can inform on exogenous CO2 (i.e. potential 96 
leakage) in soil gas systems (Romanak et al., 2014). Gas ratio analysis at Glenhaven was 97 
performed by Romanak (2017). Groundwater monitoring approaches commonly require 98 
measurement of dissolved major ions including dissolved inorganic carbon (DIC), the 99 
dissolved gas content and the stable isotope ratios of δ13C in DIC and the dissolved gases in 100 
combination with other stable isotopes, such as δ18O (CO2 and H2O), δ2H (H2O and CH4) 101 
(Rhino et al., 2016).  102 
Many studies on CO2 and carbon distribution in soil exist and the connection between the soil 103 
and groundwater carbon system with respect to δ13C fractionation is well established in the 104 
literature (Giammanco et al., 2017; Rhino et al. 2016; Wang et al., 2015; Wynn, 2007). 105 
Commonly, shallow CO2 in soil and groundwater is created from the degradation of organic 106 
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material and the photosynthesis of plants, photo and chemoautotrophic microbes (Clark and 107 
Fritz, 1997; Gougoulias et al. 2014). CO2 then reacts with water as part of the carbonate 108 
equilibria to form carbonate anions, bicarbonate, and carbonic acid (Clark and Fritz, 1997; 109 
Gougoulias et al. 2014). This interacts with the dissolved constituents of carbon in 110 
groundwater which, depending on concentrations and pH, can cause precipitation or 111 
dissolution of carbonate minerals existent in rocks and soil (Clark and Fritz, 1997). These 112 
chemical reactions have well documented fractionation coefficients and can be observed 113 
through δ13C analysis.  114 
Carbon gasses (CO2 and CH4) can be of thermogenic, microbial or of mixed origin with the 115 
distinction made primarily on the molecular and stable isotope compositions of the gases and 116 
their stable isotope ratios of carbon (Golding et al., 2013). Both the concentration and isotope 117 
ratios of carbon define the carbon system of an environment which is capable of considerable 118 
fluctuation through either inorganic and organic natural processes. Therefore, an 119 
understanding of the carbonate system in a shallow environment has many practical 120 
applications, particularly with respect to geosequestration monitoring and establishing 121 
potential sources of CO2 interfering with leakage detection. Although, simply using the 122 
concentration and isotopic composition of CO2 to detect leakages is not sufficient as 123 
witnessed at the Kerr Farm, a sequestration monitoring site which was falsely accused as a 124 
leakage zone, and later disproved by a process-based method by Romanak et al. (2013), 125 
(Romanak et al (2014) and Sherk et al., 2011). Clearly, a combination of a process-based 126 
approach and a carbon isotope study is required to fully understand the shallow carbon 127 
system and unequivocally explain any future CO2 anomalies detected during monitoring.  128 
In this study, we investigate the sources and distribution of CO2 in a soil and shallow aquifer 129 
system with a special focus on modelling the chemical processes responsible for δ13C 130 
fractionation, which is often used as an indicator for gas mixing across environments. The 131 
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aim is to better understand how the geochemistry in the soil and groundwater system affects 132 
δ
13C values and how deeper sources can potentially be differentiated from carbon signatures 133 
at shallow depth, hypothesising that δ13C fractionation in the soil/groundwater system 134 
produces a range of δ13C values that overlap potential carbon isotope signatures from 135 
sequestrated CO2. 136 
Furthermore, the combination of isotope geochemistry with hydrogeochemistry and 137 
hydrogeology in the area of Wandoan, Queensland, Australia, is one of the first data sets for 138 
the shallow aquifer system in the region that is targeted for CO2 geosequestration. As such, 139 
this study provides background data for current and future carbon geosequestration projects 140 
and estimates the use of carbon isotopes as potential leakage indicators. 141 
1.2 Geology 142 
The Surat Basin is a large intracratonic basin formed in the Mesozoic, occupying ~300,000 143 
km2 in southern QLD and northern NSW (Hamilton et al., 2012) (Fig. 1A). Deposition in the 144 
basin occurred during a period of passive thermal subsidence in eastern Australia (Cadman et 145 
al., 1998; Elliott, 1989; Exon, 1976; Korsch et al., 1998). Initially, during the Early Jurassic, 146 
deposition was predominantly fluvio-lacustrine which progressed to coal swamp 147 
environments by the Middle Jurassic across most of the basin, excluding the northern areas 148 
where fluvial sedimentation continued (Cadman et al., 1998; Elliott, 1989; Exon, 1976; 149 
Korsch et al., 1998).  150 
 151 
 152 
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 153 
Figure 1: A) Regional basin scale geological map detailing the position of the Surat Basin 154 
and the Glenhaven field site in relation to larger scale geological formations such as basins, 155 
orogens, and geological units like the Injune Creek Group. Map adapted from Hamilton et al. 156 
(2012) and Ransley et al. (2015) with stratigraphy according to Ryan et al. (2012). B) Map of 157 
the Glenhaven field site with monitoring sites, exploration bores, site boundary, and public 158 
road locations displayed. The surface image is taken from Google Earth. Geology and 159 
topography was acquired from public government information on Queensland Globe sourced 160 
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from Geological Survey of Queensland 1:100,000 Geology Maps. C) General potentiometric 161 
surface map for the shallow units covered by the 10m bores (dashed lines) and the deeper 162 
units covered by the 20m bores (solid lines). 163 
 164 
Subsequently, in the Middle Jurassic, widespread fluvial sedimentation once again dominated 165 
deposition until the Early Cretaceous where a marine transgression occurred. Marine and 166 
paralic sediments were deposited which abruptly transformed back to fluvial, lacustrine and 167 
paludal environments before sedimentation was concluded in the Aptian (113-125 Ma) 168 
(Cadman et al., 1998; Elliott, 1989; Exon, 1976; Korsch et al., 1998). In the northern parts of 169 
the basin south-west dipping rocks were exposed to erosion and deposition from fluvial 170 
systems due to uplift during the Cenozoic (Exon, 1976). Smerdon and Ransley (2012) 171 
propose two alluvial systems formed in fluvial environments at different times during this 172 
Era: 1) A large lower Paleogene-Neogene alluvium occurring in depressions of the eroded 173 
Cenozoic formation with maximum depths up to 150 m and 2) an upper alluvium comprised 174 
of shallow Quaternary sediments. This cover has been extensively eroded and is not 175 
continuous over the entire northern region of the Surat Basin (Ransley et al., 2015). Regional 176 
maps describe the surface geology of the Wandoan area comprising the Injune Creek Group - 177 
absent of Cenozoic alluvium (Fig. 1A) (Ransley et al., 2015); however, data from the 178 
Geological Survey of Queensland (2017) have more detailed information, which describes 179 
the outcropping unit at the Glenhaven field site as: Gubberamunda Sandstone (JKig), 180 
Westbourne Formation (Jiw), Springbok Sandstone (Jis), and Quaternary Alluvium (Qa) (Fig. 181 
1B).  182 
 183 
1.2 Regional Hydrogeology 184 
The main aquifers of the Surat Basin are the Precipice, Hutton, Springbok and 185 
Gubberamunda sandstones, and the overlying Cenozoic alluvial aquifers like the Condamine 186 
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Alluvium (Exon, 1976; Ransley et al., 2015). The main aquitards of the basin are the 187 
Evergreen Formation, the Eurombah Formation, the Tangalooma Sandstone according to 188 
Lagendijk and Ryan (2010), and the Bungil Formation (Baublys et al., 2015; Parsons, 2013; 189 
Ransley et al., 2015). Mesozoic units are recharged at the edges of the basin where they 190 
outcrop in the north-east of the basin, along the western flanks of the Great Dividing Range, 191 
while Cenozoic aquifers are principally recharged via indirect infiltration and streambed 192 
leakage (Ransley et al., 2015). 14C, 18O, and 2H data of coal seams in the Walloon Coal 193 
Measures (WCM) suggests that these units were recharged during the last glacial period in 194 
southeast QLD (Baublys et al., 2015; Owen et al., 2016).  Discharge predominately occurs in 195 
the south-western areas of the basin from 1) localised spring and mound outflows, 2) vertical 196 
leakage from Jurassic to Cretaceous aquifers, 3) baseflows into rivers, and 4) anthropogenic 197 
use for stock, domestic, town water supply, irrigation, feed lots, power stations and waters 198 
produced from Coal Seam Gas (CSG) development (Habermehl, 2002; Hitchon and Hays, 199 
1971; Parsons, 2011; Radke et al., 2000). Approximately 60 GL/year are extracted from CSG 200 
activities and 70 GL/year are used for purposes other than stock, domestic, and CSG 201 
(DNRM, 2016). Generally, groundwater flow follows dip direction to the south-west but 202 
some northward flow occurs in the Hutton Sandstone, near Wandoan, between Chinchilla and 203 
Taroom (Ransley et al., 2015; Hodgkinson and Grigorescu, 2013). Storage projects in the 204 
Surat Basin generally target the Precipice Sandstone as an injection aquifer, which is sealed 205 
by the Evergreen Formation and is estimated to have a regional storage potential of 1.3 Gt of 206 
CO2 (Bradshaw et al., 2011; Taskforce, 2009). The Precipice Sandstone lies ~1 km below the 207 
surface at Wandoan which has the temperature and pressure conditions for CO2 to be in the 208 
supercritical state for geosequestration (Qi et al., 2009).  209 
 210 
1.3 Site Description 211 
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The Glenhaven site is located 21 km south-west of Wandoan QLD, which lies in the north-212 
eastern quadrant of the Surat Basin (Fig. 1A). Logging of bore and drill holes define 213 
shallowly dipping sediments to the south-west, consisting of fine-grained and silty 214 
sandstones, mudstones, claystones, coal and siltstones. They underlie an alluvium layer that is 215 
between 5–10 m in thickness (Fig. 2). The base of alluvium is characterised by a uniform, 216 
coarse, poorly-sorted, sub-angular, and sandy-gravel layer, roughly 1 m in thickness, which 217 
unconformably overlies the dipping units, representing an angular unconformity (Fig. 2). The 218 
geological map from the Geological Survey of Queensland indicates the surface geology of 219 
the site as predominantly Westbourne Formation (Fig. 1A and B) but palynology of drill core 220 
samples confirm that the shallowly dipping sediments are equivalent in age to the Springbok 221 
Sandstone (Hannaford, 2017, personal communication). The two units can be difficult to 222 
differentiate in parts of the basin (Exon, 1976). 223 
 224 
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Figure 2: Simplified cross section for the geology of the Glenhaven field site gathered from 225 
CTSCo and Glencore Coal drillholes (CTSCo, 2016). Units are highly variable and loosely 226 
correlated into geological units. Cross section is oriented SW on the left and NE on the right. 227 
Vertical and horizontal scales are not equal. 228 
 229 
The climate near Wandoan is sub-tropical semi-arid with rainfall predominantly in summer. 230 
The closest Bureau of Meteorology (BOM, 2017) weather stations are at Taroom Post Offices 231 
(located ~60 km north and south of Wandoan) reporting mean maximum temperatures in 232 
summer of 33.8 and mean minimum temperatures in the austral winter 21.1 °C. Mean annual 233 
rainfall is 648.1 mm with the majority of rainfall occurring in the austral summer with mean 234 
maximum mean values of 98.3 mm (BOM, 2017). Mean monthly rainfall in winter is 235 
27.8mm. Average evaporation is 1740 mm between 2.5 and 3 times annual rainfall (QWC, 236 
2012). An ephemeral stream crosses the site from the south-west to the north-east, following 237 
topography (Fig. 1B) with eucalypt vegetation existing in the riparian zone. Open fields (non-238 
riparian zones) are dominated by buffel grass.  239 
Very little is known on the shallow aquifer system in the study area. To the best of our 240 
knowledge, the closest description of shallow aquifer systems in the area is from the Central 241 
Condamine River Alluvium approximately 200 km to the South (DNRM, 2016). The two 242 
main aquifer systems are the Sprinkbok Sandstone and the Quaternary Alluvial sediments 243 
that fill most of the valleys and surface depressions with smaller mudstone units in between 244 
these two aquifer systems (Fig. 2). The extent and continuity of the aquitards is unknown but 245 
sufficient to separate the aquifers in the study site.  246 
 247 
2.0 Materials and Methods 248 
A single atmospheric monitoring station (Site 1) recording the fluctuations in daily CO2 in the 249 
atmosphere is present at the site as well as four nested bore stations for groundwater and soil 250 
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gas monitoring (Sites 2–5) (Fig. 1B). The nested sites contain two soil gas bores at (1 and 5 m 251 
depths) and two groundwater bores (10 and 20 m depths). Sites 2, 3, and 4 (“south-west 252 
sites”) are clustered near the creek towards the southwest of the field site with Site 5 being 253 
downstream to the north-east (Fig. 1B). The well screens for 20 m bores are entirely within 254 
the Springbok Sandstone while the 10 m bores are located partially within the alluvium, 255 
allowing for comparison between the aquifers (Fig. 2). The 10 and 20 m depths are referred 256 
to as “Alluvium” and “Springbok” bores for simplification.  257 
Groundwater hydraulic head and samples for major ion, stable isotope, and dissolved gas 258 
composition in conjunction with soil gas CO2, CH4, and stable isotope composition were 259 
taken during a field trip on the 15th and 16th of June 2017. 260 
 261 
2.1 Groundwater Sampling and Methodology 262 
A total of 6 water samples were collected from 4 different locations (Tab. 1S) in addition to 263 
previously taken samples at the 4 sites by CTSCo. Samples were taken using an electric 264 
propeller pump (Thermo-Fisher “Super-Twister”). Equipment was cleaned, and bores were 265 
purged before taking groundwater samples. Bores were purged until stable readings for in situ 266 
parameters were recorded following methodology from Clark and Fritz (1997) . In June 2017, 267 
alluvial 10 m bores at Site 3 and 4 were dry and could not be sampled for groundwater. In 268 
situ parameters for dissolved oxygen (DO), pH, temperature and electrical conductivity (EC) 269 
were measured in a bottom filled container with the probes close to the inlet to avoid contact 270 
with the atmosphere. Two 1 L high-density polyethylene (HDPE) bottles were filled at each 271 
bore. A single 1 L bottle was split for alkalinity titration, a backup sample, and into 272 
individual 50 mL HDPE bottles for separate analyses. Major anion and δ2H/δ18O samples 273 
were filtered using 0.45 µm filters. Samples for cation analysis were filtered and acidified 274 
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with 15.8 M nitric acid (HNO3-). Both filtered and non-filtered samples were taken for δ13C-275 
DIC analysis.  276 
All water samples, both filtered and non-filtered, were immediately chilled after collection. 277 
All stable isotope analyses were performed at the Stable Isotope Geochemistry Laboratory 278 
within The University of Queensland (UQ-SIGL). δ2H and δ18O samples were analysed using 279 
an Isoprime dual inlet isotope ratio mass spectrometer (DI-IRMS) coupled to a multiprep 280 
bench for online analysis. δ2H values were analysed after online equilibration at 40 °C with 281 
Hokko coils. δ18O values were analysed after equilibration with carbon dioxide. δ2H and δ18O 282 
values in VSMOW ‰ were normalised to the standard mean ocean water (VSMOW-SLAP), 283 
following a 3-point normalisation based on replicate analyses with international standards 284 
USGS45 and USGS46. All laboratory standards were calibrated against IAEA (VSMOW, 285 
SLAP, GISP). Accuracy and precision were better than ±1‰ for δ2H and ±0.05‰ for δ18O at 286 
1σ.  287 
 δ
13C-DIC were analysed by a Thermo Delta V continuous flow isotope ratio mass 288 
spectrometer, (CF-IRMS) coupled to a Gas Bench II. δ13C-DIC values were normalised to the 289 
VPDB% scale using international standards NBS19 and LSVEC via two-point normalisation. 290 
Cation samples were analysed for cations and trace metal composition at the Department of 291 
Science, Information Technology, and Innovation (DSITI) Ecosciences Precinct Laboratory 292 
using inductively coupled plasma mass spectrometry (ICP-MS). Anion composition of 293 
samples were determined using ion chromatography at the UQ-Hydrogeology Laboratory 294 
(University of Queensland) with a Thermo Scientific Dionex ICS. The precision for major 295 
ion concentrations was calculated from replicate samples and is ±2%. Titration was 296 
performed using a Hach Universal Digital Titrator Test Kit to determine the concentrations of 297 
carbonate species and concentrations present in samples. For this 100 mL of sample was 298 
poured into a beaker and mixed with a phenolphthalein indicator powder pillow. All samples 299 
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had pH values below 8, apart from 1. As such, carbonate (CO32-) compositions of samples 300 
were low and considered negligible in all but one sample which was calculated using inputs 301 
of total alkalinity, temperature, and pH for an inbuilt function of GW Chart software. A 302 
bromocresol green-methyl red indicator powder pillow was then added to the beaker samples 303 
which were titrated till the carbonate buffer broke to a light pink colour representing a pH of 304 
4.5. Titration digits gave results of total alkalinity in mg L-1 of CaCO3 which required 305 
conversion to mg L-1 of HCO3- by a factor of 1.22. 306 
 307 
2.2 Gas Sampling and Methodology 308 
Soil gas samples were collected from 1 m, 5 m, and dry 10 m monitoring bores (if present) at 309 
all 4 sites. Soil gas monitoring bores contained packers with tubing allowing for direct 310 
sampling of soil gas at the surface using a valved hand pump. Packers and sampling tubes 311 
were purged prior to sampling. Dry water monitoring bores were sampled using a hand pump 312 
and a 10 m long tube. Soil gas δ13C-CO2 (g) and δ13C-CH4 (g) samples were pumped into an 313 
IsoBagTM from Isotech Laboratories Inc. and measured at the UQ-SIGL. 10 mL of soil gas 314 
was collected directly from packer tubing after purging and injected into 10 mL vials for gas 315 
composition analysis. All vials were prepared and crimp sealed under laboratory conditions at 316 
the same time, including the standard vials, prior to sample injection. Sealing all vials under 317 
atmospheric conditions allows subsequent analysis without further correction. Samples were 318 
analysed at the Analytical Services Lab at the School of Agriculture and Food Sciences at the 319 
University of Queensland (UQ-ASL) using gas chromatography with an analytical accuracy 320 
of ±2%. Samples for dissolved gas concentrations were acquired from injecting 4 mL of 321 
water into a 10 mL gas vial. Water samples were obtained from bores after purging and these 322 
samples also required correction for 10 mL of atmospheric gas contained in the vial prior to 323 
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sample injection. These samples were analysed at the UQ-ASL. Dissolved gas δ13C-CO2 (aq) 324 
and δ13C-CH4 (aq) samples were collected into an IsoFlaskTM bag from Isotech Laboratories, 325 
Inc. and measured at the UQ-SIGL. Dissolved gas samples were gathered from the 10 and 20 326 
m monitoring bores in the phreatic zone, not from soil vapour in the vadose zone. 327 
All gas samples for δ13C were analysed using an Isoprime/Agilent Gas Chromatograph-328 
combustion-isotope ratio mass spectrometer (GC-c-IRMS). For δ13C-CH4 determination 329 
samples were oxidised at 1000 °C by passing through a ceramic furnace packed with nickel 330 
and platinum wire while CO2 passed through unaffected.  Sample values for δ13C (reported in 331 
per mil (‰)) were normalised to the Vienna Pee Dee Belemnite (VPDB) scale using 332 
international Oztech CO2 standards in combination with laboratory CH4 and CO2 standards 333 
via 3-point normalisation. Precision is +/- 0.1 per mil at 1σ.  334 
 335 
3.0 Results 336 
In the following text shallow samples are named by site number, bore type, and depth. 337 
3.1 Physical Hydrogeology and Hydrogeochemistry  338 
The hydraulic head in Alluvial bores was higher than that in Springbok Sandstone bores for 339 
both Sites 2 and 5, with a vertical head difference of 2 m and 5 m, respectively (Tab. 3). 340 
Vertical hydraulic head gradients at Site 5 are more than double those at Site 2 (Tab. 2S). 341 
Laterally, hydraulic heads in the Springbok Sandstone vary from ∼263 mAHD in south-west 342 
sites to 257.4 mAHD in the north-west (Site 5). This decrease of 6 m is similar between 343 
Alluvial 2-GW10 and 5-GW10 bores. Generally, horizontal gradients reflect the flat 344 
topography and the stream direction to the north-east with low gradient values averaging 0.25 345 
m/100m across the site (Fig. 1C). A single component of down-dip (south-west) flow occurs 346 
between 2-GW20 and 4-GW20, suggesting a more complex flow regime. Despite this, the 347 
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vertical and horizontal relationships between hydraulic heads are consistent through long-348 
term recording from CTSCo (CTSCo, personal communications).  349 
All groundwater samples had circumneutral pH values ranging from 6.8 to 7.6 with 350 
temperatures between 20.0 and 25.2 °C (Tab. 3). No samples were anoxic with all DO values 351 
larger than 0.5 mg L-1 ranging between 0.5 and 8.6 mg L-1 (Canfield and Thamdrup, 2009; 352 
Chen and Liu, 2003; Kumar and Riyazuddin, 2012). Electrical conductivities were between 353 
2439 - 21550 µS/cm and values for total dissolved solids (TDS) were between 2337-11314 354 
mg L-1 (Tab. 3). Alluvial and Springbok Sandstone samples, in order, average 2290 and 8311 355 
mg L-1 TDS with Na-HCO3-Cl and Na-Cl type compositions (Tab. 3; Fig. 3). Alluvial 356 
samples are composed of ∼600 mg L-1 Na+, ∼250 mg L-1 Cl-, and ∼1100 mg L-1 HCO3- (Tab. 357 
3). Groundwaters in the Springbok Sandstone are composed of ∼3200 mg L-1 Na+ and ∼3150 358 
mg L-1 Cl-
 
 with differing composition of Mg2+, Ca2+, HCO3- and SO4- (Tab. 3). 359 
Concentrations of NO3-, P, As, Fe3+/2+, and Mn3+/2+ are low across all samples with an 360 
enrichment of Sr2+ and Ba2+ in 5-GW20, potentially implying carbonate dissolution. In 361 
Alluvial and Springbok Sandstone samples, Cl- negatively correlates with F- (R2= 0.7704) 362 
suggesting F- is sourced from water-rock interaction rather than recharge (Baublys et al., 363 
2015).  364 
The stable isotopic compositions of waters are largely unfractionated from meteoric 365 
waterlines (Fig. 4). Glenhaven bore waters have values for δ2H from -22 to -30 ‰ and for 366 
δ
18O from -4.2 to -5.5 ‰ suggesting recharge at warmer modern-day climates unlike those 367 
sampled for the WCM nearby (Fig. 4) (Baublys et al., 2015; Owen et al., 2016). For 368 
Glenhaven samples δ13C-DIC values average -17.0 ‰ for non-filtered samples and -16.8 ‰ 369 
for filtered samples (Tab. 4).  370 
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 371 
Figure 3: Piper diagram displaying chemical proportions of groundwaters from nested bore 372 
sites at Glenhaven.  373 
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Table 3: Summary of chemical and physical data for water samples gathered from sampling. Listed data are pressure head, water quality 374 
parameters, major ion composition, trace metal composition, TDS and Charge Balance Error (CBE). ‘bd’ indicate abundance under detection 375 
limit. 376 
Parameter 5-GW20 5-GW10 4-GW20 3-GW20 2-GW20 2-GW10 
Date Sampled 15/06/2017 15/06/2017 16/06/2017 16/06/2017 16/06/2017 16/06/2017 
Elevation (mAHD) 257.412 257.644 263.78 262.402 263.206 263.278 
Hydraulic Head (mAHD) 248.128 252.524 253.842 253.248 254.316 256.198 
DO (mg L-1) 3.22 8.6 0.55 0.99 0.88 2.9 
pH 6.9 7.6 7.1 7.3 7.2 6.8 
T (°C) 23.3 20 25.1 25.1 24.6 25.2 
EC (µS/cm) 21550 2439 16690 12720 7190 2920 
Calcium (mg L-1) 569 20.20 334 199 107 113 
Magnesium (mg L-1) 111 3.90 41.60 19.30 11.80 25.5 
Sodium (mg L-1) 4600 637 3590 2890 1650 557 
Potassium (mg L-1) 21.00 bd 13.00 11.00 7.00 2.00 
Phosphorus (mg L-1) bd 0.43 bd bd bd bd 
Fluoride (mg L-1) 0.27 1.64 0.31 0.48 0.38 1.37 
Chloride (mg L-1) 5441.64 306.51 4742.23 3868.37 2035.31 394.36 
Bromide (mg L-1) 21.27 0.52 17.62 11.62 6.20 3.87 
Nitrate (mg L-1) 2.99 2.62 1.46 1.50 0.33 3.36 
Sulfate (mg L-1) 1.84 107.60 148.64 135.09 179.89 142.84 
Bicarbonate (mg L-1) 518.50 1161.44 457.50 348.92 1076.04 1090.68 
Carbonate (mg L-1) bd bd bd bd bd bd 
Arsenic (mg L-1) bd bd bd bd bd bd 
Boron (mg L-1) 0.32 0.19 0.74 0.68 0.65 0.21 
Barium (mg L-1) 5.96 0.09 0.28 0.49 0.75 0.20 
Iron (mg L-1) 1.18 0.01 1.95 0.02 0.06 0.04 
Manganese (mg L-1) 0.51 0.32 0.29 0.45 3.08 0.93 
Strontium (mg L-1) 18.30 0.50 7.95 4.23 2.23 1.78 
TDS (mg L-1) 11314.11 2243.08 9357.90 7491.36 5080.90 2337.29 
CBE 19.05 -1.58 10.09 7.81 -0.17 -0.06 
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Sample Non-Filtered 
δ
13C-DIC VPDB (‰) δ
18O- VSMOW (‰) 
δ
2H 
VSMOW 
(‰) 
5-GW20 -17.1 -4.2 -22 
5-GW10 -14.0 -4.5 -22 
4-GW20 -22.3 -4.4 -26 
3-GW20 -21.0 -5.5 -30 
2-GW20 -14.9 -4.5 -22 
2-GW10 -12.9 -4.7 -25 
 
Table 4: Stable isotope composition of carbon in DIC of groundwater samples. Slight 
changes are incurred from sampling methodology dependant on use of 45 µm filters. 
Interpretations are not hindered by this deviation.   
 
 
Figure 4: Stable isotopic composition of waters from Glenhaven bores relative to VSMOV 
standards. Plots for Global Meteoric Waterline (GMWL), Toowoomba meteoric waterline 
(TMWL), and Charleville meteoric waterline (CMWL) are displayed in order by black, blue, 
and grey. Meteoric waterlines taken from Crosbie et al. (2012).  
 
3.2 Soil and Dissolved Gas 
Soil gas CO2 concentrations range between 1394 and 33230 ppm and increase consistently 
with depth, especially in dry 10 m groundwater monitoring bores (Tab. 4). Dissolved CO2 
concentrations are higher on average, ranging between 11598 and 47516 ppm, but do not 
show any spatial correlations given the dry alluvial bores. Soil gas samples record low CH4 
concentrations between 0.06 to 0.92 ppm, all below atmospheric concentration of 1.8 ppm 
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(Clark and Fritz, 1997). CH4 values in soil gas decrease with depth except at Site 3 which 
both increase and decrease at depth intervals (Tab. 5). Soil gas and dissolved CO2 gas 
samples for this sampling round are generally higher than what was measured earlier by 
CTSCo on site by gas chromatography and continuous measurements. The most likely reason 
for the gas concentrations being higher are natural fluctuations in gas concentration as a 
response to atmospheric pressure changes and lower photosynthesis/respiration uptake by 
plants during winter (Klusman et al., 2003), while most of the previous measurements by 
CTSCo occurred during spring or summer. Dissolved CH4 levels are higher than soil gas 
concentrations ranging between 0 to 521.73 ppm in Glenhaven bores. Glenhaven soil gas 
δ
13C-CO2(g) are consistently enriched relative to dissolved gas δ13C-CO2(aq) in groundwater, 
respectively, averaging -16.9 and -23.5 ‰. ∆13C-CH4 values are significantly more depleted 
than δ13C-CO2(g) averaging -62.3 ‰ for Glenhaven samples.  
Type Sample Name CO2 (ppm) δ13C-CO2 PDB ‰ CH4 (ppm) δ13C-CH4 PDB ‰ 
Soil Gas  
(g) 
2_SV1 8170 -18.7 0.53 - 
2_SV5 27520 -19.1 0.29 - 
3_SV1 2285 -13.0 0.67 - 
3_SV5 12422 -17.6 0.92 - 
3_GW10 33231 -19.9 0.26 - 
4_SV1 1395 -14.9 0.92 - 
4_SV5 10228 -15.0 0.31 - 
4_GW10 19624 -16.0 0.06 - 
5_SV1 8380 -17.0 0.11 - 
5_SV5 14247 -18.0 0.53 - 
Dissolved Gas 
(aq) 
5_GW20 25313 -23.5 476.18 -71.5 
5_GW10 11816 -21.6 56.82 -44.3 
4_GW20 16129 -29.2 4.54 - 
3_GW20 13195 -24.5 521.73 -73.7 
2_GW20 11598 -21.4 348.84 -59.7 
2_GW10 47516 -21.0 0.00 - 
 
Table 5: Gas and stable isotopic composition of soil and dissolved gasses. Effective ranges 
for analytical standards are 1000-3000 ppm for soil and dissolved CO2, 0-3000 ppm for 
dissolved CH4, and 0-3 ppm for soil gas CH4. Dissolved gas δ13C-CO2 are more variable than 
soil gas δ13C-CO2 with standard deviations of 2.17 and 3.09. 
 
4.0 Discussion 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
21 
 
The data collected allows the conceptualisation of the hydrogeology, the hydrogeochemical 
and soil gas evolution of this shallow groundwater system. Firstly, the hydraulic head data, 
supported by hydrogeochemical data, reveals a separation between the Alluvial and 
Springbok Sandstone groundwater at the site, suggesting impermeable layers between. 
Transpiration from plants controls salinity and differences in groundwater chemistry are a 
response to meteoric recharge, weathering and cation exchange. δ13C-CO2 values (of DIC, 
dissolved gas, and soil gas) suggest the sources of CO2 are 1) aerobic decay of C4 matter, 2) 
aerobic decay of C3 matter, and 3) shallow coal CO2. Mixing of these source gasses controls 
the observed CO2 composition and distribution.  
4.1 Impermeable Aquitard Units 
Comparison of vertical hydraulic head gradients between Site 5 and Site 2 suggest a more 
significant impermeable layer existing between the Site 5 well screened intervals. The likely 
cause is the mudstone unit (Mudstone A) that intercepts Site 5 just below the 10 m well 
screen, dipping below 20 m well screens in south-west sites (Fig. 2). Changes in water level 
over time in hydrographs further support this, with recharge events affecting 2-GW10 more 
significantly than 5-GW20 (Fig. 5S). Data quality is poor for the 5-GW20 hydrograph but 
both units display progressive discharge through time potentially indicating a small degree of 
connectivity. Despite this, the HCO3-, Cl-, Na+, Mg2+, Ca2+, and SO42- compositions of the 
two waters are largely different and would suggest only very limited mixing between the 
units. The higher salinity and a more Na-Cl type water at Site 2-GW10 for one sampling date 
(CTSCo sampling) would suggest some mixing between the shallow groundwater and the 
deeper groundwater, which remains questionable because vertical hydraulic gradients are 
generally downwards.  In particular, the SO42- composition of 5-GW20 is ∼1 mg L-1 while all 
other samples are 2 orders of magnitude higher at ∼100 mg L-1. Discerning the effect of 
Mudstone A on gas distribution is difficult to quantify, given only one point in time for 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
22 
 
comparison. Changes in the behaviour of aqueous CO2 would likely result with a lack of 
HCO3- supply from shallow waters, reducing overall gas content of waters below Mudstone 
A.  
Another potential aquitard unit (Mudstone B) exists at depths between 15-20 m at the sites in 
south-west, overlying Mudstone A (Fig. 2). Well screens in the Springbok Sandstone at these 
sites intercept multiple units and are recharged by water from above, below, and within 
Mudstone B. Therefore, hydraulic head differences caused by Mudstone B cannot be tested 
by comparing 10 and 20 m well screens. Compositional differences between the deeper bores 
are minor while the shallow bores have a wider spread of geochemical data between sites, 
however, consistent over time. Site 5-GW10 is slightly more Na-HCO3 dominated and site 2-
GW10 more Na-Cl dominated in relative terms. This can be explained potential direct 
recharge from the creek system at times of flooding and mixing of the alluvial water with 
fresh creek water. It also reflects a large heterogeneity in the shallow alluvial aquifer where 
some areas with lower permeability are influence by higher evapotranspiration over time. 
    
HCO3- compositions of 2-GW10 and 2-GW20 (1090.68 and 1076.04 mg L-1) are similar, 
suggesting no chemical difference between units above and below Mudstone B at Site 2 (Fig. 
1B and 3). δ13C-DIC and δ13C-CO2 (aq) compositions of site 2, for both filtered and non-
filtered samples, are in a range of 2 ‰ from each other. Similar HCO3- and isotopic 
compositions above and below the Mudstone B suggests similar gas conditions and potential 
mixing. The non-homogenous composition of Mudstone B may provide permeable pathways 
through the unit for mixing and gas transport (Fig. 2 Legend). Alternatively, a section of the 
unit may be impermeable, partly blocking the horizontal flow from Site 4 to Site 2, causing it 
to flow down dip.  
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4.2 Controls on Groundwater Chemistry 
The chemistry of groundwater groups is clearly distinguishable. Na/Cl ratios above 1.00 in 
alluvial bores indicate weathering, while Springbok Sandstone bores with higher salinities are 
controlled by either evaporation, transpiration, minor halite dissolution, and/or mixtures of all 
three with ratios close to 1.00 (Fig. 6A). High Cl/Br ratios (Halite Cl/Br ratio ~ 10,000) are 
not present with values closer to rainfall (<600), eliminating halite dissolution, and 
advocating meteoric recharge as the principal control (Fig. 6B). The control of evaporation or 
transpiration on salinity can be distinguished using δ18O and δ2H stable isotopes; waters 
which are largely unfractionated, corresponding to meteoric water lines which indicates that 
evaporation is not occurring. Thus, transpiration from plants is the most likely process 
controlling salinity in groundwater (Fig. 4). With increasing salinity cation exchange on soil 
surface particles replaces monovalent cations in solution with divalent cations, thus reducing 
(Na+K)/Cation ratios seen in 20 m bores (Fig. 6C).  
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Figure 6: A) Na-Cl ratios for samples (black) compared with previous measurements of water 
chemistry from CTSCo (grey). Blue dotted lines indicate ratios resulting from weathering 
(vertical) and evapotranspiration (horizontal). Chloride is a suitable proxy for TDS 
(R2=0.989). B) Br-Cl ratios for samples (black) Blue dotted lines indicate maximum cut off 
for Cl/Br ratios for rainfall and evapotranspiration trends. Br-
 
compositions of CTSCo
 
are not 
available. C) Proportion of monovalent major cations vs TDS of samples. Blue dotted line 
indicates trends caused by introduced Ca2+ and Mg2+ ions from cation exchange and grey dots 
represent ratios for previously measured CTSCo samples.  
 
4.3 CO2 Sources: 
4.3.1 Deep CO2 in Shallow Aquifer and Soil Systems 
Differentiating between natural variations of CO2 in shallow groundwater systems and the 
soil zone and a leakage from a deep CCS storage reservoirs can be difficult due to the 
complexity of the chemical system controlling soil gas and groundwater chemical 
composition (Romanak et al., 2014; Yang et al., 2013). A variety of natural processes can be 
responsible for the generation of CO2 in the subsurface which all have to be taken into 
consideration. The most common are: 1) mantle or magmatic, 2) hydrocarbon maturation 
(coal seam gas migration in this case), 3) decay of organic matter, 4) clay-carbonate 
diagenesis of carbonates (Surat cements), and 5) metamorphosis of carbonates (Heath et al., 
2009).  
CO2 sourced from magmatic and metamorphic origins is unlikely to be a major component of 
CO2 present at the site, given the lack of major intrusions in the area around Wandoan and an 
inactive tectonic setting of the region (GSQ, 2017). Groundwaters containing magma-derived 
CO2 typically contain concentrations >10 vol. % of CO2 with δ13C values ranging from -3 to 
10 ‰, while metamorphic δ13C are between 0 to 8 ‰ (Clark and Fritz, 1997; Golding et al., 
2013). These differ significantly to the average Glenhaven CO2 concentrations of ∼1.64 mass 
% and δ13C averages of -16.9 and -23.5 ‰ for soil and dissolved gas. Clay-carbonate 
diagenetic CO2 (and DIC) from silicate hydrolysis and carbonate dissolution occurring at 
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100-200 °C is a potential source (Hutcheon and Abercrombie, 1990; Mayo and Muller, 
1997). Surat cements (limited to n=26) reported in Dawson et al. (2013) have average values 
between -13 to 3 ‰, which, using Equations 1 and 2 (Bottinga, 1969) at 100 °C, would 
produce δ13C-CO2(aq) values between -16.3 and -0.38 ‰. These values are more enriched than 
our data (Fig. 7). Minor contributions from carbonate dissolution are plausible but they are 
not controlling the bulk composition of samples. All groundwater apart from 5-GW10 are 
supersaturated with respect to calcite and saturation indices (SI) ranging from 0.15 to 0.82. 5-
GW10 is slightly subsaturate with respect to calcite with an SI of -0.14. Significant addition 
of CO2 requires a large carbonate supply and a migration pathway, meaning soil and 
dissolved gas isotope values cannot represent a pathway of connection between the quartzose 
deeper Jurassic Units but more likely the calcareous parts of the Springbok Sandstone, if any. 
10	
()

	() = −2.988	(10
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) + 2.47612 
(Bottinga, 1969) (Eq. 1) 
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Figure 7: CO2 concentrations, distributions (according to labelling), and δ13C isotope 
compositions for Glenhaven soil and dissolved gas samples. Soil gas and dissolved gas values 
average -16.9 and -23.5 ‰ respectively, indicating an organic source. Boundaries defined by 
Golding et al. (2013).  
  
Another potential deep source is upward migration of CO2 and CH4 from the Walloon Coal 
Measures (WCM), given its stratigraphic proximity to the site (Fig. 1A). A pathway for 
water, and therefore gas, would be proven if shallow waters were sourced from depth with 
upward gradients, with depleted δ2H and δ18O values representing the possible glacial 
recharged deep waters of the Surat. While this is a possible scenario, gas can also migrate 
upwards due to buoyancy even when groundwater gradients are downwards. Given the 
meteoric recharge values measured for samples (Fig. 4), this is not the case. Separately, a gas 
migration pathway may still exist, which would be difficult to detect because WCM gas 
signatures are variable. Studies by Draper and Boreham (2006) (n=6), Hamilton et al. (2014) 
(n=15) and Baublys et al. (2015) (n=7) focus on the isotopic composition of CSG in the 
WCM. In order, means are -19.5, 3.6, and 9.57 ‰; maximums are -10.4, 7.7 and 10.8 ‰; and 
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minimums are -31.9, -2.5 and 6.2 ‰. As a result, isotopic analysis of CO2 and CH4 on its 
own is not able to detect upward WCM gas migration. If gas ratio analysis (Romanak, 2017) 
revealed an anomaly of significant exogenous gas, prior to injection, without a change in 
isotope composition, the WCM is the most likely source. Despite this, the concentrations of 
CO2 at the site are within common ranges for surficial CO2 environments as seen in Romanak 
et al. (2014). 
4.3.2 Shallow CO2 sources 
Soil gas CO2 concentrations increasing with depth and δ13C values consistently depleting 
with depth indicate a significant component of atmospheric mixing, with a composition of 
400 ppm CO2 and δ13C of ~8 ‰, contributing to soil gas compositions witnessed (Dodds et 
al., 2009). Aerobic decay of plant matter and soil respiration are also likely near surface 
processes controlling soil gas concentration and isotopic composition. Different 
photosynthetic uptake of 13C from plant types C3, C4, and CAM result in different δ13C values 
in plant material:  1) C3 = -24 to -30 ‰, 2) C4 = -10 to -16 ‰, 3) CAM = -10 to -16 ‰ (Clark 
and Fritz, 1997). CO2 produced from aerobic decay becomes enriched in 13C, producing soil 
gas δ13C near -23 and -9 ‰ in C3 and C4 landscapes, respectively (Clark and Fritz, 1997). The 
field site is largely composed of buffel grass (C4) with minor eucalypt (C3), so one would 
expect Glenhaven soil gas samples to be more enriched than reported values of -16.9 ‰, but 
nonetheless they fall within the expected range (Fig. 7).  
CO2 (g) + H2O (l) ⇌ CO2 (aq) + H2O (l) ⇌ H2CO3 (aq) ⇌ H+(aq) + HCO3-(aq) 
(Clark and Fritz, 1997) (Eq. 3) 
10		
	()+)
	() = −0.373(10
) + 0.19            (Vogel et al., 1970) (Eq. 4) 
This depletion may relate to the shallow coal geology of the site. If dissolution of soil gas 
supplied aqueous CO2 in groundwater samples (calculated using equation 3), at 15-25 °C, 
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δ
13C-CO2(aq) values would shift by -1.1 to an average of -18 ‰ following equation 4 (Vogel 
et al., 1970). Recorded δ13C-CO2(aq) values are nearer -23.5 ‰ implying a different source 
causing the discrepancy of -5.5 ‰.  Average coal composition is between δ13C of -20 and -30 
‰ (average -25 ‰) (Clark and Fritz, 1997). CO2 formed during coalification at maximum 
pyrolysis temperatures can enrich up to 17 ‰ from coal source, meaning standard CO2 in 
coals should exist between -20 to -10 ‰ (Boreham et al., 1998; Clark and Fritz, 1997; 
Gaschnitz et al., 2001; Golding et al., 2013). Shallow coals present at the site could produce 
CO2 by oxidation/combustion following uplift and erosion and by releasing old CO2 formed 
during coalification. Warwick and Ruppert (2016) report that CO2 from the combustion of 
coal is largely unfractionated from initial coal carbon composition. Warwick and Ruppert’s 
(2016) experimental conditions are at high temperatures while shallow oxidation of coal near 
the surface would occur at lower temperatures and therefore fractionate more significantly 
than shown in their study. As the carbon isotope composition of coals at the site is unknown 
and therefore coal CO2 isotope composition is unknown as well, one can only estimate that 
coal δ13C is close to average at -25 ‰. This suggests that the shallow, heavily weathered, and 
oxidised coal is therefore potentially supplying a component of CO2. Mixing of this 
component into the vadose zone from the shallow phreatic zone may be the cause of the 
slight depletion in carbon isotope values relative to the “expected” buffel grass dominated 
landscape δ13C-CO2(g). 
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Figure 8:  Fractionation between δ13C of aqueous CO2 and DIC caused by hydration and 
speciation in Eq. 3. Blue area represents a temperature window between 15-30 °C from Mook 
et al. (1974) (Eq. 4). 
 
After CO2 is produced, chemical reactions involving HCO3-, CO2, or CH4 in the shallow 
environment can alter the isotopic composition of both produced and residual carbon species. 
A common reaction is the hydration and speciation of aqueous carbon to form DIC (Eq. 3). 
This process accounts for the fractionation between δ13C-DIC (average -13.3 ‰) and δ13C-
CO2 (aq) (average -20.7 ‰) observed in all samples except Pecos and 3-GW20 samples (Fig. 
8).  
10		,-

	() = 9.552	(10
) − 24.1              (Mook et al., 1974) (Eq. 5) 
Methanogenesis through CO2 reduction and acetate fermentation affect carbon species (Tab. 
6). In both processes CH4 is depleted leaving residual CO2 or DIC enriched. Acetate 
fermentation is the usual pathway for methanogenesis in freshwater environments, and CO2 
reduction produces residual CO2 values greater than -3 ‰ (Clark and Fritz, 1997; Whiticar 
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et al., 1986). Sample compositions indicate both biogenic, thermogenic, and mixed origins 
(Fig. 9) and the acetate fermentation pathway (Fig. 10A; Fig. 10B). Fractionation from 
methane oxidation between CO2 and CH4 occurs at α values of <1.03 (between 1.0313 to 
1.0052) (Barker and Fritz, 1981) which may cause the enriched δ13C-CH4 for sample 5-
GW10. Sample 3-GW20 exists within sulphate reduction boundaries defined by Owen (2016) 
and contains significant SO42- supply. Dissolved oxygen concentration of 0.99 mg L-1 
indicate no reducing environments which is favourable for bacterial reduction. 
Denitrification, Ammonification, as well as Fe and Mn reduction are also unlikely to occur 
given low supply and aerobic conditions. These conditions may change with increased depth 
below monitoring stations. 
 
 
 
Figure 9: Methane distribution and stable isotope content for Glenhaven samples. Soil gas, 4-
GW20, and 2-GW10 are absent given unmeasurable methane content. Compositions are 
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variable and reflect both thermogenic, biogenic, and mixed pathways -boundaries from 
Moritz et al. (2015). 
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Acetate Fermentation CO2 Reduction 
CH3COOH ⇌ CH4 + CO2 CO2 + 4H2 ⇌ CH4 + 2H2O 
	
/0()
	() = 1.03 − 1.06 
	
/0()
	()=1.06-1.09 
	
()
/0	() =
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() + 10

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
 
Table 6: Top: Methanogenesis reactions involving DIC. α values and equations from Clark 
and Fritz (1997). Bottom: Summary of Methanogenesis Reactions involving CO2 (Clark and 
Fritz, 1997; Romanak et al., 2014) 
 
 
 
Acetate Fermentation DIC Reduction 
CH3COOH ⇌ CH4 + CO2 HCO3- + 4H2 ⇌ CH4 + 2H2O + OH- 
	
/0(),-
 >0.95 	
/0(),-
 <0.935 
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Figure 10: A) Fractionation between CH4 and DIC caused by methanogenic pathways 
through CO2 reduction and acetate fermentation. Samples plot along acetate fermentation and 
sulphate reduction pathways using α values from Clark and Fritz (1997) and Owen (2016), 
respectively. B) Fractionation between CH4 and CO2, samples generally plot in acetate 
fermentation pathway zone. α values from Golding et al. (2013). 
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5.0 Conclusion 
The interactions affecting CO2 in shallow groundwater are complex, making determination of 
baseline CO2 source difficult. It is particularly important when looking for migration 
pathways from deep CO2 storage reservoirs prior to injection. It can be difficult to distinguish 
a natural leakage from natural processes and variations in CO2 occurring in the shallow 
subsurface (Romanak et al., 2014). A variety of surficial processes involving the production 
and dissolution of CO2, CH4, and DIC can overwrite the isotopic signatures from deep 
sources in the shallow systems, in particular when leakage is small and slow. In this study, 
we develop a fractionation model for the potential CO2 sequestration site at Glenhaven. We 
define an aquitard mudstone unit (Mudstone A) separating, physically and chemically, the 
shallow aquifers from deeper Springbok Sandstone formation water. Groundwaters are 
recharged from meteoric water with transpiration, cation exchange and weathering 
controlling chemical composition of waters. The isotopic signatures of δ13C in CO2, CH4, 
and DIC indicate that three main sources for CO2 at the site are from aerobic decay of C3 
and C4 matter and a shallow coal CO2 source. Future CO2 anomalies caused by magmatic, 
metamorphic or deep carbonate dissolution sources could be recognized by distinct shifts 
from depleted to enriched δ13C values, and there is a potential that they can be detected. 
Upward migration of WCM waters can also be discerned via their δ18O and δ2H 
compositional difference mixing with meteoric shallow waters. Furthermore, despite the 
variability of CO2 concentration and the complexity of the carbon system, the natural 
conditions of the field site are suitable for CO2 leakage detection in the future. If CO2 
anomalies are detected, one-off carbon isotope surveys would greatly enhance the process 
of defining an anomaly as a leakage. 
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Highlights 
 
- Carbon sequestration can pose a significant threat to the environment if leakage 
occurs. 
- New approaches are required to identify significant losses of CO2 from the storage 
reservoir. 
- This research shows that the hypothesis δ13C isotopes might be an indicator for CO2 
migration and CO2 loss from storage 
 
